INTRODUCTION
The purpose of this investigation was to explore the possibilities of developing new methods for the preparation of yttrium metal. Daane and Spedding (1) have reduced yttrium trifluoride with calcium by heating the mixture in a tantalum crucible above 1500°C. Yields of greater than 99% were obtained and a tantalum contamination of 0.05 to 0.1 weight per cent was reported. Trombe and Mahn (2) prepared yttrium metal by a high temperature electrolysis of YCl~. The reduced metal dissolves in a molten magnesium-cadmium cathode, forming a ternary alloy containing approximately 24 w/o Y, 56 w/o Mg and 20 w/o Cd. This alloy is heated to 1200°C in an argon atmosphere and all of the cadmium and a major portion of the magnesium is distilled off, leaving a residue of ,yttrium metal.
Two methods of preparing yttrium metal by the reduction of YF 3 with calcium have been investigated. One of these . methods is a bomb reduction process in which ZnF 2 is added to the reduction charge. The reduction of the ZnF 2 witn calcium supplies additional heat to the system, enabling the zinc to alloy with the yttrium to form a lower melting massive alloy. This alloy is immiscible with the molten slag product. The zine may then be volatalized from the yttrium by heating in vacuo with a sponge product ,resulting.
(1) 
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A second process, based upon the formation of an intermediate magnesium-yttrium alloy, has been developed recently. This reduc.tion can be carried out under a 1-atmosphere pressure of argon or helium and is not a highly exothermic reaction as is the bomb process mentioned above. The charge conststs of a mixture of YF3, ar~ydrous cac1 2 , metallic calcium and magnesium. This mixture ls heated in a zirconium or magnesia lined reaction vessel to l000°C, at which temperature the molten slag and the Y-Mg alloy sepal"ate. The magnesium is volatalized by heating in vacuo to 1300°C, leaving a bright yttrium sponge free of magnesium and calcium. This sponge may then be arc metled into ingot form, or compacted by other methods.
PB~PARATION OF YF3
Yttrium trifluoride can be prepared by either of two methods. One method involves the precipitation of the hydrated fluoride from an aqueous HF solution and shall be referred to as the "wet process." The other method~ called the "dry process", consists of passing anhydrous HF gas over the oxide powder at an elevated temperaturee
In the "wet process 11 , Y 2 o 3 was slowly dissolved in 6N HCl and the insoluble residue, mostly silica, was removed by filtration. The filtrate was then concentrated by evaporation and after the remaining solution had cooled, crystals of yttrium trichloride hexahydrate were obtained. These crystals were the~ reacted with aqueous (70%) HF, fol~ing insoluble YF~ • 1/2 ~0 and a 6N HCl supernatant liquid. After cooling, th~ liquid was filtered of~ the filter cake of YF 3 • 1/2 H 2 o was dried in air to remove adhering moisture. This hydrated fluoride was thermally decomposed to YF 3 by heating to 300° or 4oo 0 c in a stream of anhydrous HF.
In the "dry process," a one-half inch thick layer of Y 2 o 3 powder was placed in monel reaction trays and heated in an electrical resbstance furnace. The oxide was maintained at a temperature of 575 C for 8 hours in a stream of anhydrous HF gas.
Weight measurements taken of the material before and after hydrofluorinatlon were used as the basis for estimating the percentage of conversion to the fluoride because the fluoride content of this material is extremely difficult to determine by chemical analysis. Data obtained from several runs showed that the conversion to YF~ was between 97 and 99 per cent complete~" Recent experiments, designed to insure a more complete conversion to the fluoride, indicate that the condition of the oxide and the hydrofluorination time and temperature may be quite critical. For 0 example, one batch of oxide which had been fluorinated at 575 C for 8 hours showed a conversion of approximately 97.5 per cent. Upon continued treatment at 6oo 0 c for an additional. 5 hours, ISC-744 5 the percentage conver•sion was increased to 99.3. It i s recognized tha t mechanical losses due to dusting, inaccuracies in weighing r a ther large quantities, and weight changes on the original oxide due to losses during heating make these est±ma tes somewhat questionable, although efforts have been made t o correct for these factors in the calculations.
Fluoride prepared by the "wet processrr is quite fluffy , haying a packing density of 0.9 gjcc, whereas the fluoride pr epared by the "dry pr•ocess" has a packing density of 1.9 gjcc o The higher packing density and the simplicity of direct hydr ofl uorina tion are two advantages of the 11 dry process". The qua l ity and chemical purity of the yttrium metal obtained fr•om fluoride prepared by either method appear to be approximately equal. For the se reasons "dry process" fluoride was used in most of the work described in this paper.,
ZINC ALLOY BOMB REDUCTION PROCESS
The direct adiabatic bomb reduction of YF with calc i um was unsuccessful, probably because of the relativ~ly high melting point of yttrium and the small amount of heat evolved in t he reaction~ Since a zinc intermediate alloy has been used successfully in the bomb preparation of both thorium and zirc onium metals (3,4), its possible use in the preparation of yttrium was investigated. It was found that massive metal could be obta i ned if ZnF 2 wa s added to the reaction charge of YF and calcium. A typical charge for an experimental reduction w~s as follows: 905 g. YF 3 , 220 g. ZnF2, 600 g. I and 691 g. Ca. The YF us ed in t hese experiments was prepafoed by the "wet process 11~ The .zinc fluoride s e rved as a thermal booster as well as providing zinc f or the formation of a lm'l melting Y-20% Zn alloy. The addition of iodine t o the charge caused the for~tion of a low melting calcium iodideca lcium fluoride slag. rrhis reaction was carried out in a s ealed iron chamber,commonly referred to as a bomb, which had been l ined with CaF 2 • The bomb was heateg in a gas furnace, the temper ature of which was maintained at ' 700 c. When the outside of t he bomb r eached approxiro~tely 650°c~ the charge ignited and the r eac tion took place spontaneously~ The molten alloy, which was immiscible with the molten slag, separated into layers~ When cool , t he contents of the bomb · were removed and the liner and slag were easily broken away from the massive yttrium-zinc alloy. Yttrium metal yield s of 87-90% were obtained by this process. A typical chemic a l analysis of the principal impurities in the a s -reduc ed alloy i s shown in Table Io The oxygen and fluoride content s of the alloy were not dete~nined. The zinc was removed by heating the alloy in vacuo at elevated temperatures. The al~oy was crushed and place4 in a sintered calcium fluoride crucible. It was found 1 after an extensive study, that a careful, step-wise heating schedule was necessary during the zin~ removal in order to prevent · the melting of the alloy and subsequent penetration and attack of the crucible at elevated temperatures. The following heating schedule was adhered to in these experiments: the alloy was heated slowly to 84ooc and held at this temperature for 1 hour; then the temperature was increased to 980°C and held there fqr + hoU~J . finaily,the temperature was slowly increased to 1150°C. The "dezincingu step was carried out in a resistance furnace containing a graphite heater element. Table II shows a cheJ;D.ical 'analysis of the sponge material. Various refractory crucible materials were investigated in order to find one in which the yttrium sponge (melting point 1500°C) could be melted without appreciable interaction with or contamination of the yttrium . Melts were made in sintered crucibles of zro 2 , MgO, CaO, BeO, MgO-CaF mixture, and graphite. In each case interaction with the crficible and excessive contamination of the metal was encountered.
Because of the high reactivity of yttrium metal to various crucible materials, arc-melting procedures were tried. The dezinced sponge can readily be arc-melted into billet form. The arc furnace used was .of the non-consumable type, using a watercooled, tungsten-tipped electrode. The sponge was fed in~o a water-cooled copper pot and melted with an arc-current of 500 amps at 25-30 arc-volts. An atmosphere of helium was maintained throughout the melting operation. Billets 2 inches in diameter and 4 inches long were prepared in this manner. The billets were found to contain voids or "blow holes" due to gases in the sponge material. A remelting of the ingots reduced the porosity but did not eliminate it entirely. Table III shows a typical chemical analysis of the arc-mel ted yttrium bille' 'ts. These arc-melted yttrium ingots had a huUness of Rockwell A 30-35. As can be seen from Fig . 1 , this metal contained inclusions throughout the specimen. These inclusions are believed to be nonmetallic impuritie~ namely, oxide, nitride, carbide or fluortde. 
Yttrium metal prepared by zinc alloy process, as-arc-melted. As-polished. Bright light. 250X.
MAGNESIUM ALLOY PROCESS
Because of the diffic~lties in removing the zinc, the u,ndesirable amount of microscopic impurities in the final metal and the low reduction yields ·expelt'ienced in preparing yttrium by the zinc alloy process, alternative methods were explored. The substitution of magnesium for zinc as the alloying agent tended to eliminate the difficulties encountered in the zinc bomb process; therefore, considerable work has 'been done on the( development of a process based upon the ma~nesium alloy. This is not a bomb process, but rather is an open crucible reaction in whiph the charge mixtur~ is added to the reaction vessel and is heated to a temperature at which the fihal products, alloy and slag, melt and separate i~to layers. The reduction of YF~ by calcium is not a highly exothermic or vigorous react:ron and therefore can ·be carried out under carefully controlled temperature and pressure c9nditi~ns~ · I
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The charge employed consisted of yttrium trifluoride, granular calcium, magnesium turnings and a calcium chloride flux. By alloying with magnesium, the melting point of yttrium was lowered markedly so that the reduction could be carried out at a retort temperature of 950-1050°C in an inert gas at one atmosphere pressure. This relatively low reaction temperature made it possible to carry out the reduction in a conventional gas furnace. The calcium chloride also played an important role in the reaction becau5e it lowered the melting point of the calcium fluoride slag. Calcium chloride also decreased the density of the slag sufficiently to allow complete and rapid separation of the slag . from the light yttrium-magnesium alloy. The reaction vessel was a .zirconium -metal crucible inserted into a stainless-steel retort which was equipped with a gas tight head. Sintered MgO may also be used as the reaction vessele
The pu~ity of the ingredients in the reaction mixture, the ratios of magnesium, of CaCl and of calcium to the yttrium fluoride, the nature of the ~action vessel, and the reaction temperature and time are the major factors which determine the quality and yield of the final metal. The effects of these factors have been studied ind~pendently in numerous experiments by varying the amounts of each material or the -conditions of the experiment.
Enough anhydrous calcium chloride was added to form a · ' -· · .. '., 6o ;wjo CaCl~-40 w/o OaF 2 slag mixture which melted between . 750 and 8oo· °Co Since completely anhydrous CaCl was not readily available commercially, analytical grade cac1 2 c6ntaining 1 to 2 w/o water was dried by heating in a quartz vessel in vacuo at 550°C.
The amount of magnesium appear•ed to be equally critical. A series of reductions were made in which sufficient magnesium was added to the charge to fonn 15, 17 and 20 w/o Mg alloys. As can be seen from thephocomicrog~phs shown in Figso 2, 3, and 4, there is a significant variation in the microstructure of these alloys wmth an increase in what is probably a compound phase with increasing magnesium$ The melting point of the alloys showed a similar variation with the 15% alloy melting at about 1025°C, the 17% alloy at 925°C and the 20% alloy at 850°C.
The amount of excess calcium was also an impovtant variable. High purity, redistilled calcium was employed in all these experiments. Analysis of this material showed that it contained • t.
-.~;t·; '
.. 
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Crucibles of graphite, sintered BeO, sintered MgO, zirconium and titanium metals have been tested as vessels for the reduction step. Some intera~tion occurs with each type of crucible (see Table IV ), but considering the nature of the contaminants and the microscopic appearance and physical properties of the final metal, zirconium and MgO appear to be most suitable for this reduction. The reaction temperature and time were found to depend largely upon the size of the reaction charge. For example, on a small 200 g alloy scale, good results were obtained by heating at 950°C for 10 minutes, whereas highest yields and best metal slag separation were obtained on a 1 kg alloy scale by heating to 1000°C for about 30 minutes.
Several reductions have been carried out using the apparatus shown in Fig. 6 in which 1 and 2 kilograms of Y-Mg alloy have been prepared. The charge for the 1 kg scale was as follows: 1233 g. YF 3 _ , 606 g. Ca (20% excess), 184 g.Mg (20% alloy), and 1480 g. CaCl2·
After the individual components of the charge had been evacuated and flushed with high purity argon, they were thoroughly mixed and packed into the reduction crucible designated in Fig. 6 as Lf£7.
The charged crucible was placed in the stainless steel retort ~1!7 which was equipped with a water cooled head ~~· The retort was sealed and evacuated to approximately 10 microns using a mechanical vacuum pump. High purity argon was admitted and the system again evacuated and flushed with argon. After the final argon flush, a slight positive pressure was maintained. The 0 retort was placed in a gas furnace which had been preheated to 1050 c.
The reactants were heated at 1000°C for 30 minutes. During the heating of the retort, the pressure increased due to the expanding argon gas and the release of volatiles from the char~. This pressure was relieved by means of the pressure :tlelea&e valve LfJ. After the products had cooled, the vacuum head was taken off and the reaction crucible removed. The slag layer was easily broken away, exposing the yttrium-magnesium alloy as a massive layer in the bottom of .the vessel. When a sintered MgO crucible was used, the alloy was easily recovered by breaking the crucible. However, the removal of the alloy from the zirconium metal crucible was more difficult. The alloy was quite brittle and could be fractured with an air hammer and removed in framents. This operation decreased the physical life of the metal crucible and also pulverized some of the alloy into fine particles, resulting in slight metal losses. The analyzed composition of the alloy obtained from the above charge is shown in Table v . Reduction yields .of 97-99% of the theoretical amount of yttrium metal were consistently obtained by this proGedure. In order to simplify the problem of removing the alloy from the metal crucible, a retort was designed in which the metal and slag could be separated by pouring the two layers into separate, watercooled ports, making use of the difference in melting point between these two phases. Difficulty was encountered in cleanly separating the slag and metal phases because somemetal poured with the slag ISC-744 15 and some · slag with the metalo This difficulty was resolved by using a 17% Mg-Y (m.pQ 925°) alloy rather than the 20% Mg-Y alloy (m)!>P· 850°). The higher melting point of the 17% Mg-Y alloy increased the difference between the freezing points of the alloy and the slag, thus making it possible to pour the slag at a higher temperature while retaining the alloy as a solid in the bottom of the vesselo These experiments were performed in the apparatus, referred to locally as the "fiery cross", and which is illustrated in Fig. 7 . The charge was placed in the metal qrucible which was inserted into the vertical section of the retort. The retort was evacuated and flushed with high pur~ty argon, and then lowered into a gas heated furnace (1050 C) so that only the lqwer se' c tion of the cross wa.s he a ted. Vacuum was maintained on the retort during the initial heating stage because considerable volatile gases are removed in this phaseo When the temperature reached 300°~ an atmosphere of argon was admitted. Heating of the retort ~vas continued to 1000°C and the temperature held at l000°C for a 30 minute period. The excess pressure of the expanding ar~on was released bym~ of the pressure release valve rg (see Fig. 7 ). After the reduction had been completed, the ?urnace temperature was lowered and the retort cooled to 900°C, at which temperature the slag was molten but the yttrium-magnesium alloy is solid. The retort was raised, set into a rack, immediately tilted and the molten slag poured into the water cooled slag port 1:107& The slag quickly solidified around the retaining rod ~1!7 Which was attached to the water-cooled ~lange.
The retort was returned to an upright position, lowered into the furnace and reheated to 1025°C, at which temperature the alloy was molten. The retort was again raised and tilted, this time in the opposite direction, and the molten alloy flowed into the water-cooled alloy port Lf.27. After the retort had cooled, the ;flanges were removed ana the slag and alloy lifted out.
Several successful experimental reductions have been performed on the 1 kilogram alloy scaleo The slag was poured cleanly away from the metal with almost complete . recovery of the slag in the slag port. The alloy also poured cleanly out of the bottom of the zirconiu~ cruqible, ~lthough some alloy froze on the walls of the zirconium vesselo However, the adhering portion was easily chipped off the vessel walls so that 97% of the yttrium was recovered in the process. Fig. 8 shows the microstructure of the 17% Mg-Y alloy that was produced when the alloy was poured into the water-cooled mold. A comparison with the microstructure of the slow.cooled alloy (Fig. 3) reveals that the grain size is much smaller in the rapidly cooled alloy; otherwise there appears to be little difference. Chemical analysis indicated that the zirconium pick-up was increased as a result of the double heating, with zirconium content as high as 1.5% in the final sponge. Magnesium and Calcium Removal:
The removal of the magnesium and calcium, referred to as ''demaging," was accomplished by means of vacuum sublimation at elevated temperatures. Crushed pieces of alloy were packed in a sintered MgO crucible (a zirconium crucible may also be used) and this crucible was placed in a graphite crucible. Crushing of the brittle alloy into pieces approximately 1/2 inch in size was necessary in order to prevent melting and spattering during the vacuum heating. The entire assembly was enclosed in a quartz tube and evacuated to a pressure of less than 1 micron by means of an oil diffusion pump backed by a Stokes Microvac mechanical pump. The charge crucible was heated by means of an induction furnace and the heating rate was carefully controlled beginning at 800°C. The temperature was allowed to increase gradually from 800°C to 1200°C over a period of 3 hours. No melting or sintering of the particles occurred and the pieces were easily removed from the crucible and separated from each other. A 27% weight loss was observed when the 20% Mg alloy was used. Th±s loss indicated nearly complete removal of the magnesium and calcium. Chemical analyses of the 11 demaged 11 sponge from 16 separate reductions were averaged and these values~ together with some of the mean deviations\are listed for the principa~ impurities in Table VI . Those reductions in which a 17% magnesium alloy was formed may also be 11 demaged 11 under the conditions described above, if a · calcium exeesa of 20% has been used . However, when the calcium excess was reduced to 10 and 5%~ considerable melting and spattering of the alloy was encountered. Preliminary results indicated that the 15% Mg alloy can be 11 demaged 11 in the massive form. In this case it would be necessary to grind the sponge before arcmelting.
Properties of Arc-Mel.ted Yttrium Metal:
The yttrium sponge prepared by the magnesium alloy process was arc-melted into ingots in a non-consumable arc furnace under a helium atmosphere. The pieces of sponge were fed into the arc- . . ' .. 3.
4.
5.
ISC-744 SUMMARY AND CONCLUSIONS
Yttrium metal can be prepared by the bomb reduction of YF 3
with Ca metal, employing ZnF as a thermal booster and as a source of zinc to form a lo~melting Y-Zn alloy. The zinc is removed by vacuum distillation to yield a sponge product.
A low-melting Y-Mg alloy can be prepared by heating YF~, Ca, Mg and CaC1 2 to 1000°C in a zirconium reaction vessel %n an inert atmosphere.
The magnesium can be volatilized off by heating in vacuo to 1200°C. The resulting sponge can be arc-melted or otherwise fabricated into ingot form.
